Given climate change, species' climatically suitable habitats are increasingly expected to shift poleward. Some imperilled populations towards the poleward edge of their species' range might therefore conceivably benefit from climate change. Interactions between climate and population dynamics may be complex, however, with climate exerting effects both indirectly via influence over food availability and more directly, via effects on physiology and its implications for survival and reproduction. A thorough understanding of these interactions is critical for effective conservation management. We therefore examine the relationship between climate, survival and reproduction in Canadian black-tailed prairie dogs, a threatened keystone species in an imperilled ecosystem at the northern edge of the species' range. Our analyses considered 8 years of annual mark-recapture data (2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014) in relation to growing degree days, precipitation, drought status and winter severity, as well as year, sex, age and body mass. Survival was strongly influenced by the interaction of drought and body mass class, and winter temperature severity. Female reproductive status was associated with the interaction of growing degree days and growing season precipitation, with spring precipitation and with winter temperature severity. Results related to body mass suggested that climatic variables exerted their effects via regulation of food availability with potential linked effects of food quality, immunological and behavioural implications, and predation risk. Predictions of future increases in drought conditions in North America's grassland ecosystems have raised concerns for the outlook of Canadian black-tailed prairie dogs. Insights gained from the analyses, however, point to mitigating species management options targeted at decoupling the mechanisms by which climate exerts its negative influence. Our approach highlights the importance of understanding the interaction between climate and population dynamics in peripheral
populations whose viability might ultimately determine their species' ability to track climatically suitable space.
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| INTRODUCTION
Climate change and its impact on species, communities and biodiversity are among the most pressing conservation challenges. Mounting evidence suggests that climate change is already shifting climatic barriers to species occurrence, with poleward range shifts observed among diverse sets of taxa (Walther et al., 2002; Wu & Zhang, 2015) . Such range shifts must inevitably be pioneered by populations near the poleward edge of the species' range. For species to be able to follow climatically suitable space, therefore, peripheral populations must experience demographic conditions that favour expansion (Ralston, Deluca, Feldman, & King, 2017; Rehm, Olivas, Stroud, & Feeley, 2015) .
Worryingly, in many species, populations near the poleward range edge are in peril. In Canada, for example, which as a northern country inevitably encompasses the poleward range edge of any species harboured in its borders, 278 (44%) of 631 species assessed under national conservation legislation (Species At Risk Act, Government of Canada, 2002) are considered imperilled. Notably, 231 (83%) of these imperilled species are not currently considered under threat further south in their range (i.e. are not listed under the Endangered Species Act in the United States), suggesting that poleward populations are faring particularly poorly or at risk due to isolated, localized distributions. Under changing climatic conditions, however, many of the southern populations may also become threatened and species viability may depend on whether species ranges can successfully expand into more northern regions. Such expansion may be hindered where poleward populations are struggling, because population trends influence how successfully species can track geographic shifts in their climatic niche (Ralston et al., 2017) .
The vulnerability of poleward populations may in part simply reflect their peripheral position relative to the species' range. Populations at the peripheries of species' ranges often exhibit more variable demographic rates and lower densities than more centrally located populations (Brown, Mehlman, & Stevens, 1995; Caughley, Grice, Barker, & Brown, 1988) . At poleward edges, harsher, more variable climatic conditions may be the underlying cause: for many species, poleward range edges appear to align with physiological barriers imposed by cold-tolerance, whereas range edges elsewhere may chiefly reflect biotic interactions (Cunningham, Rissler, Buckley, & Urban, 2016; McQuillan & Rice, 2015; Root, 1988) .
If indeed climatic conditions are responsible, at least in part, for the vulnerability of many species' poleward edge populations, it is important to understand what impacts ongoing changes in climate will have. Will demographic rates and densities of struggling poleward edge populations improve with expected increases in mean temperature? Or, given predictions of increased climatic variability will poleward populations decline further, reducing hopes that species ranges will ultimately be able to track climatically suitable habitats?
Here we make use of 8 years of mark-recapture data between 2007 and 2014 for the northern-most at-risk population of black-tailed prairie dogs (Cynomys ludovicianus) to gain insights into the interactions between climate, survival, reproduction, and population density. Blacktailed prairie dogs formerly counted among North America's most abundant species, with a range spanning from southern Canada to northern Mexico. Since the early 1900s, however, they have experienced dramatic declines in both distribution and abundance due to conversion of native prairie to urban and agricultural lands, extensive eradication campaigns and the accidental introduction of sylvatic plague (Eads & Biggins, 2015; Miller, Wemmer, Biggins, & Reading, 1990; Proctor, Haskins, Forrest, & Hoogland, 2006) . The precipitous decline in the abundance and distribution of prairie dogs has raised concerns regarding their ability to fulfil their keystone ecological role in grassland ecosystems (Davidson, Detling, & Brown, 2012; Martinez-Estevez, Balvanera, Pacheco, & Ceballos, 2013) . In Canada, black-tailed prairie dogs survive in a fragmented population in and around Grasslands National Park in southwestern Saskatchewan, and are considered a 'Species of Special Concern' with recommendations for uplisting to 'Threatened' given the small population size, geographic isolation and increased risks of drought and plague (COSEWIC, 2011) .
The primary drivers of the species' population dynamics in Canada are poorly understood, but climate is likely to play an important role (Lloyd, Moehrenschlager, Smith, & Bender, 2013) . Canadian black-tailed prairie dogs experience among the shortest growing season and harshest winter conditions within the species' range. The species' ability to survive winter and successfully reproduce is likely affected by a combination of physiological factors (e.g. fat accumulation, body condition prior to winter and torpor capabilities), abiotic environmental factors (e.g. variation in ambient temperature, snow depth, snow cover, length of winter) and food availability in the spring (Lehmer & Horne, 2001; Schorr, Lukacs, & Florant, 2009 ). Climate-driven food resource limitations are deemed important in influencing the population dynamics of black-tailed prairie dogs throughout their range (Avila-Flores, 2009; Facka, Roemer, Mathis, Kam, & Geffen, 2010; Grassel, Rachlow, & Williams, 2016; Hoogland, 1995; Knowles, 1987) . The climatic factors responsible for limitations may vary regionally, however, with drought hypothesized to be most influential in arid southern regions, whereas winter temperature may be more important in cooler northern regions (Facka et al., 2010; Grassel et al., 2016) . In contrast, habitat loss and human persecution, STEPHENS ET AL.
| 837 which contributed heavily to prairie dog declines in the past, do not threaten black-tailed prairie dogs in Grasslands National Park today.
We use the Canadian population of black-tailed prairie dogs as a case study to better understand the consequences climate change may entail for struggling, climate-limited populations on the poleward periphery of their species' range. A recent analysis of species traits associated with vulnerability to climate change suggests that as a fossorial rodent, black-tailed prairie dogs are more likely to benefit from climate change than not (Pacifici et al., 2017) . The same study, however, also suggests that the plight of the congeneric and globally endangered (Linzey & Rosmarino, 2008) Utah prairie dog (C. parvidens) is likely to have been worsened by climate change (Pacifici et al., 2017) . Might the same come true for Canadian black-tailed prairie dogs, or might warmer winters counterbalance the potentially adverse effects of greater variability in temperature and precipitation? To address this question and gain insights into the mechanism by which climatic conditions exert their effects, we examined temporal fluctuations in the survival, female reproductive status and density of Canadian black-tailed prairie dogs in relation to growing degree days, precipitation, drought status, winter severity and body mass. Our aim was to discover whether shifting climate is likely to aid the recovery of this imperilled population and thereby contribute insight on how climate change might affect the ability of poleward edge populations to buffer their species against range loss.
| MATERIALS AND METHODS

| Study area
We studied prairie dogs in Grasslands National Park (GNP) in southwestern Saskatchewan, Canada (49°07 0 N 107°45 0 W). GNP is dominated by mixed-grass prairie (Coupland, 1992) , primarily needle and thread grass Hesperostipa comata, blue grama grass Bouteloua gracilis, and western wheatgrass Agropyron smithii. Based on 16 years of meteorological data (1996 Environment Canada, 2016a) , mean daily temperatures range from À12.6°C in January to 19.3°C in July.
The climate of this region is semiarid, with a mean annual precipitation of 263 mm (Environment Canada, 2016a) . GNP is home to 17 of the 19 prairie dog colonies that currently persist in Canada, of which eight were included in the study.
| Climatic variables
With winter hypothesized to be the predominant limiting factor for black-tailed prairie dogs in northern areas of their range (Facka et al., 2010; Grassel et al., 2016) , we focused on climatic factors that might influence overwinter survival. These include winter severity and factors that regulate food availability in the preceding growing season (Lehmer & Horne, 2001; Schorr et al., 2009 ).
Winter severity likely influences torpor patterns: black-tailed prairie dogs exhibit extreme plasticity in winter thermoregulatory behaviour, ranging from remaining euthermic to exhibiting short bouts of torpor, to extensive winter hibernation (Gummer, 2005) . Triggers for torpor in black-tailed prairie dogs remain unknown, but temperature, snow depth (Gummer, 2005) and summer precipitation (Lehmer, Savage, Antolin, & Biggins, 2006 ) may be important. Unfortunately, snow depth data were not consistently available for the study period. We therefore modified the winter severity index used by Grassel et al. (2016) Shown are growing degree days (GDD), growing season precipitation (GSP), drought (DRT), spring precipitation (SP), the winter temperature index (WTI), the number of unique adults captured (# Adults), proportion of adult females that exhibited evidence of lactation (% Lactating), number of unique juveniles captured (# Juveniles) and the proportion of the population classified as juveniles (% Juveniles). Canada, 2016a) . Missing data (3.82%) were estimated from the average of Environment Canada records from Swift Current (approximately 125 km north of GNP; Environment Canada, 2016b) and
Rockglen (approximately 110 km west of GNP; Environment Canada, 2016c) data (Table 1) .
Precipitation data to compute GSP and SP were again obtained from the Val Marie Southeast Weather station (Environment Canada, 2016a) . For the binary DRT variable, years were coded as 'drought'
if GSP was less than 205 mm and thus at least 15% below the longterm (1990-2013) average.
| Prairie dog data
Data on prairie dog survival and reproduction were gleaned from a mark-recapture study originally designed to monitor prairie dog pop- were prebaited with peanut butter and oats for 4 days prior to each trapping session (Severson & Plumb, 1998) . Within each session, we trapped during peak prairie dog activity periods in early morning or early evening (Hoogland, 1995) . We set traps for 2 hr and then closed the traps while we processed any individuals that were caught. All pro- swollen or flat and dry teats surrounded by little hair; reproductively inactive: small teats or flat and dry teats surrounded by hair). Given the timing of our surveys, distinguishing whether a female had been lactating earlier in the same year or in the year prior was sometimes difficult.
As we found no obvious relationship between the date of capture and female reproductive status, however, any bias resulting from this would be similar throughout our sampling period each year.
| Statistical analyses
We used mark-recapture models to estimate apparent survival rates, density and the factors influencing these. The factors affecting female reproductive status were investigated using generalized linear mixed models. Given the varying magnitude in absolute measures of climatic variables, all continuous predictor variables were standardized prior to analysis (mean = 0, SD = 1) to understand their relative influence on a common scale, and pairs of predictor variables with a correlation coefficient ≥0.7 were not included in the same model (Suring, Erickson, Howlin, Preston, & Goldstein, 2003) .
| Apparent survival and density
We used a Huggins closed robust design multistate model (White, Kendall, & Barker, 2006 ) with a logit link, implemented in R 3.2.2 (R Core Team, 2015) using the RMark package (Laake, 2013) to construct models for Program MARK (White & Burnham, 1999) . The
Huggins closed robust design multistate model uses maximum likelihood to estimate apparent survival rate (S; hereafter 'survival'), capture rate (p) and recapture rate (c), transition probabilities between condition states (body mass class; Ψ), and population size (N).
Use of the multistate model allowed us to include body mass class as a condition state in our analysis, as we could not include it as an individual time-varying covariate because weights could not be determined for individuals not captured during a particular trapping occasion. The inclusion of body mass in our model was motivated by the desire to capture the likely mechanistic link between the food availability regulating climatic explanatory variables and overwinter survival and reproduction. Body mass data were normally distributed with no natural breaks for determining class boundaries. We therefore assigned prairie dog weights to three body mass classes (hereafter 'mass class') by using the 25th and 75th percentile thresholds to define 'Light' (<25th percentile), 'Medium' (≥25th percentile and ≤75th percentile) and 'Heavy' (>75th percentile) states for each of the four age/sex groups ((i) adult female, (ii) adult male, (iii) juvenile female and (iv) juvenile male). The 25th and 75th percentiles for each of the four groups were calculated using body weight estimates pooled across all plots and all study years (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) .
We defined a candidate model set for survival, probability of transitioning mass class, probability of capture and recapture (Table S1 ) and selected a top model from this set using AIC corrected for small samples sizes (AICc). Models within delta AICc <2
were considered to have equivalent support (Akaike, 1973; Burnham & Anderson, 2002) . We selected top models for p, Ψ and S in that order, and kept a constant general model with year as the only explanatory variable for parameters until a top model was selected.
For p, c was set equal to p, but allowed to vary by sex, age, mass
class and year. We tested these terms additively but also included the interaction between body mass class and year. For Ψ, explanatory variables included the specific body mass class transition type, year, GDD, GSP and DRT of the concurrent growing season and WTI of the concurrent winter. These were tested as individual additive effects as well as in interaction with the specific body mass class transition type. For survival, we examined the effects of GDD, GSP and DRT of the preceding growing season, and WTI of the concurrent winter, as well as body mass class and year. Candidate STEPHENS ET AL.
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Once a top model was identified, the resulting population size estimates (N) were divided by the joint area of the study plots (4 ha) to calculate density. We also used the parameter estimates from the top model to test for significant differences between groups using program CONTRAST (Hines & Sauer, 1989) . This allowed us to compare survival in drought and nondrought years. Similarly, for Ψ, we compared the probability of decreasing mass class or remaining light in drought and nondrought years.
| Female reproductive status
We examined the effect of body mass and climatic variables on We then predicted the probabilities of females being reproductively active based on the top climatic model using the predict.merMod function in the lme4 package (Bates et al., 2014) , varying GDD over its range in the original dataset. Its effect is shown for the minimum, mean, and maximum GSP levels recorded in the data. Other variables in the model were held constant at their observed mean. Confidence intervals for predicted probabilities were generated from 1,000 bootstrapped replicates using the bootMer function in the boot package (Canty & Ripley, 2016) .
| Additional considerations
Coinciding with our third mark-recapture session, the fall of 2009 marked the first of four annual releases of black-footed ferrets in our study area, as part of the Canadian black-footed ferret recovery effort. Ferrets are specialist predators of prairie dogs. They hunt prairie dogs throughout the year, including winter, and may selectively hunt juvenile offspring in the growing season (Brickner, Grenier, Crosier, & Pauli, 2014) . A total of 79 ferrets were released in the study area over the course of our study period, and a total of 13 wild born kits were confirmed (Parks Canada, unpublished data).
Unfortunately, ferrets did not remain at release sites and were not radio-marked, and therefore quantitative estimates of their presence or abundance on our study sites were not available. Consequently, we simply categorized study years into those with and without ferret releases to test if inclusion of this categorical variable might improve our top model. We note, however, that this binary indicator of potential ferret presence is inevitably crude given the mobility and likely high mortality of ferrets postrelease, with predation by ferrets, if any, undoubtedly highly patchy across prairie dog colonies in both time and space.
In addition, in 2010, sylvatic plague (Yersinia pestis) was confirmed for the first time in Canadian prairie dog colonies (Antonation et al., 2014) . The plague bacterium had been known to be present in the region surrounding Grasslands National Park since at least the late 1990s (Leighton, Artsob, Chu, & Olson, 2001) , was first detected inside GNP in a dead prairie dog that we found near one of our study plots in 2010 (Antonation et al., 2014) , and later identified in fleas collected from prairie dog burrows in 2011 and 2013. Starting in fall 2010, half of the mark-recapture plots were therefore treated with deltamethrin, the standard insecticide for plague mitigation (Seery et al., 2003) , with treatment repeated annually thereafter. To account for the possibility that plague mitigation measures exerted prominent effects on prairie dog survival, we therefore created another categorical variable to add to our top model indicating which plots were dusted each year. Whether or not treated and untreated colonies were exposed to sylvatic plague was uncertain, both before and after 2010.
3 | RESULTS
| Survival
We caught and marked 1,188 individual prairie dogs over the 8-year study period, from July 2007 to September 2014 (Table 1) . A single top model emerged for survival, carrying an Akaike weight of 68% (Table 2) . According to this model annual survival for the population as a whole fluctuated dramatically over the study period, with three distinct 'crash' years and three rebound years ( Figure 1 ). This variation in survival was best explained by age, sex, the winter temperature index (WTI) and the interaction of body mass class and drought group (DRT) ( Table 2 ). Annual survival estimates were higher for adults than juveniles and for females compared to males. The WTI had a positive effect on survival (Table 3 ).
Comparison of model estimates in CONTRAST revealed that in nondrought years, individuals in the light and medium body mass classes had significantly lower survival to the following year (fall to fall) than those in the heavy mass class (p < .001 for both), but there was no significant difference between individuals in the light and medium body mass classes (p = .1848). In drought years, the influence of body mass class on survival to the following year was more pronounced with a significant difference in survival across all body mass classes (p < .001 for all). 
| Body mass class transitions
Our top model selected year and its interaction with the specific body mass class transition type as best explanatory variables for body mass class transition probability. In contrast, the probability of decreasing body mass class or staying in the 'Light' mass class was significantly higher from a nondrought year to a drought year than from a drought year to a nondrought year (p = .0119).
| Population density
Based on the plot-specific population size estimates from our top when densities were at their highest, suggesting that drought effects were important even with the presence of potential density-induced competition over resources.
| Ferrets and plague
Addition of the categorical variables for ferret releases and plague mitigation measures did not improve our top model, but instead yielded a model with lower AICc (deltaAICc = 3.757).
| Female reproductive status
We caught and assessed the reproductive status of 150 individual adult females in annual plots over the course of the study period. Table 1 ).
T A B L E 2
The top-ranked and next-best models for annual apparent survival data (2007-2014) for black-tailed prairie dogs in Grasslands National Park, Canada Model selection via Akaike weights indicated two nested, plausible top models (delta AICc <2) with a joint Akaike weight of 99.5% (Table 4 ). The first model included the interaction of the preceding summer's growing season precipitation (GSP) and growing degree days (GDD), and the additive effects of spring precipitation (SP) in the concurrent spring and of the winter temperature index (WTI).
The second model omitted the WTI. In both models, GSP had a positive influence on reproduction, whereas GDD, SP and WTI were negative (Table 5) . At low GSP (Figure 3a) , the probability of being reproductively active decreased dramatically with increasing GDD, with no females reproducing when low GSP coincided with high GDD. At high GSP, the probability of being reproductively active was high regardless of GDD (Figure 3c ).
| DISCUSSION
The demographic viability of populations at the poleward periphery of species' ranges plays an important role in determining a species' ability to track suitable climate space (Rehm et al., 2015) , and thus ultimately in the species' overall conservation outlook. Where poleward populations are already struggling, it is important to understand whether changing climatic conditions will lessen or improve demographic viability, and how any adverse effects might best be mitigated.
Global climatic trends point towards future increases in growing season length, longer duration and higher frequency of heat waves with greater risk of drought, and increases in the intensity and variability of annual precipitation (Meehl et al., 2007; Swain & Hayhoe, 2015) . In line with these global trends, the Northern Great Plains that are home to our study population of black-tailed prairie dogs are predicted to experience increased mean annual temperatures, including warmer, wetter winters, and also increasing drought conditions (Hufkens et al., 2016; Lemmen, Vance, Wolfe, & Last, 1997; Rizzo & Wiken, 1992; Sushama, Khaliq, & Laprise, 2010) .
Increased mean temperature may alleviate winter severity, which has been proposed as an important limiting factor for prairie dog populations in northern regions of their range (Facka et al., 2010) , with negative effects on both survival (Hoogland, 2006) and reproductive rates (Grassel et al., 2016) . Our winter severity index considered temperature only and, perhaps as a result, proved an inconsistent predictor of survival and reproduction. Colder winters T A B L E 4 The two top-ranked models for female reproductive status for black-tailed prairie dogs in Grasslands National Park, Canada appeared to enhance survival in our study populations while diminishing reproduction. We suspect that information on snow cover, snow depth and prairie dog activity patterns over winter, all unavailable for the study area during this study, will be critical in understanding and predicting the impacts of changing winter conditions on this northern-most black-tailed prairie dog population.
Our analyses provided a clearer picture of the impact that warmer summers with more variable precipitation might have going forward. Although peripheral populations are thought to be more resilient in the face of climatic variability (Rehm et al., 2015) , our results clearly indicated that Canadian black-tailed prairie dogs, like their more southerly counterparts (Facka et al., 2010) , are highly sensitive to drought. Modelled prairie dog densities in our study consistently dropped by more than 50% following drought years, implying that survival and/or reproduction were negatively affected by drought conditions during the preceding summer. Like other mammals that rely on body condition to not only survive winter but also reproduce before green-up the next spring, prairie dogs face an energy trade-off between survival and reproduction when their body condition is insufficient (Neuhaus, 2000) . Under severe conditions they may experience both lower survival rates and complete reproductive senescence (Smith & Johnson, 1985) .
Our drought variable clearly captured climatic influences on food availability, as reflected in our finding that Canadian prairie dogs had a significantly higher probability of decreasing or remaining in the Another possibility is that drought conditions not only affect the quantity of forage, as reflected by body mass (Gillespie, Van Vuren, Kelt, Eadie, & Anderson, 2008; Van de Graaff & Balda, 1973) , but also the quality of forage, which may be less evident in body mass indices (Lehmer & Horne, 2001) . Prairie dogs derive virtually all of their water from vegetation, so that early senescence of forage vegetation could cause dehydration (Bakko, 1977) . Insufficient moisture and/or nutrient levels in forage may furthermore affect the thermoregulatory patterns of prairie dogs (Lehmer et al., 2006) , and negatively influence their behavioural defences against ectoparasites and immunological defences against the pathogens they transmit (a) (b) (c) (bacterium Yersinia pestis), which has been implicated in major declines in prairie dog populations elsewhere in their range (Eads & Biggins, 2015) . Contrary to previous hypotheses (Sn€ all, Benestad, & Stenseth, 2009) , it is now understood that drought conditions can lead to elevated flea loads and thus elevated risks of plague , with plague epizootics among black-tailed prairie dogs most common when wet years follow drought years (Eads & Biggins, 2017) . Like survival, reproduction, too, appeared sensitive to hotter summers with more variable precipitation. The effect of longer, hotter growing seasons on reproduction have been reported to be both positive (Bronson, 1979) and negative (Collier & Spillett, 1975 Davidson et al., 2014; Facka et al., 2010; Grassel et al., 2016; Knowles, 1987) . The underlying mechanisms are unclear, and our top model did not indicate body mass as pertinent. We can think of three explanations. First, although forage availability and body mass have been shown to affect reproduction in other species (Dobson & Michener, 1995; Neuhaus, Bennett, & Hubbs, 1999) , the quantity and quality of forage may also exert its effects on female reproductive health via body condition and body mass composition (e.g. fat content), with consequent implications for oestrus, fertilization, gestation and lactation (Anthony & Foreman, 1951; Dobson & Michener, 1995; Gittleman & Thompson, 1988; Millesi, Huber, Everts, & Dittami, 1999; Sand, 1996) . Second, we used the same body mass classes for our reproduction model as for our survival model, but alternative body mass thresholds may be more relevant to reproductive health. Finally, body mass measurements were taken prior to hibernation, whereas reproduction occurs in spring, and this time gap could have obscured the effect of our body mass covariate.
Given apparent drought-sensitivity, it may seem surprising that spring precipitation, which presumably drives forage availability during the energetically demanding times of gestation and lactation, was negatively associated with reproduction in our study. These results contrast with previous findings for prairie dogs in more southern regions of their range (Davidson et al., 2014; Facka et al., 2010) , but mirror observations of high reproductive failure rates in other ground squirrel species in Alberta in response to snow storms and heavy rains in April and May (Neuhaus et al., 1999) . Snow, ice and heavy rains during spring may lower forage accessibility, which in turn may reduce female body condition and thus raise the likelihood that females miscarry or lose their litter after parturition (Neuhaus et al., 1999 capacity to maintain its current range, let alone track potential shifts in climatically suitable space. Careful interventions may, however, lessen negative climatic effects by strategically modifying mechanistic linkages. Because climate appears to exert its influence on survival and reproduction primarily via the quantity, quality and accessibility of forage, supplementing food and water emerges as a promising option Lloyd et al., 2013) , particularly for addressing acute impacts during drought years and after spring storms. To address quality as well as quantity, supplemental food should be rich in moisture and nutrient content. Moreover, supplemental food can be provided down burrows to maximize accessibility . To enhance prairie dog resilience over the longer term, additional measures might include restoration of drought-tolerant grasses and forbs to promote naturally available forage, mowing to reduce predation risk during foraging and encourage colony expansion (Hoogland, 1995; Northcott et al., 2008) , and dusting and distribution of oral plague vaccines to reduce susceptibility to ectoparasites and disease (Abbott, Osorio, Bunck, & Rocke, 2012; Biggins, Godbey, Gage, Carter, & Montenieri, 2010; Tripp et al., 2014) . A number of these measures are already being implemented or are under consideration at Grasslands National Park (Parks Canada Agency 2016).
With resources for conservation inevitably limited, interventions might be guided by predictive indices that pinpoint critical areas of vulnerability. Based on our study, a refined combination of growing degree days and growing season precipitation might help assess the risk of black-tailed prairie dog population declines in the following year, as might a winter severity index that incorporates both temperature and snow depth. Such indices could then direct the application of interventions to the most critical times and places.
In the face of global climate change, populations on the poleward periphery of their species range are likely to play critical roles in the 
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